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In this paper, the microstructure images and parameters of the cohesive soil were obtained via scanning electron 
microscope testing technology and computer image processing technology. The physical-mechanical indexes of cohesive soil 
was obtained through geotechnical testing. The macro physical-mechanical indexes and microstructure parameters of cohesive 
soil in the inner shelf of the East China Sea were analysed by the regression analysis method; and the multiple regression 
equations between water content, liquid limit, compressibility coefficient, vane shear strength, micro-penetration resistance, 
medium diameter and the microstructure parameters were established. The results show that cohesive soils in the inner shelf of 
the East China Sea have three types of microstructure: Granular link-bond structure, flocculent link-bond structure and clay 
particle matrix structure. The physical indexes of cohesive soil mainly related to the microstructure parameters characterizing 
the size and number of pores, while the mechanical indexes, besides the size and number, also affected by the geometry of 
pores. Usually, the rounder the pore is and the more complicated the profile curve of pore is, the higher is the strength of 
cohesive soil. The results can provide theoretical reference for in-depth understanding the engineering properties of cohesive 
soil in the inner shelf of the East China Sea. 
[Keywords: Inner shelf of the East China Sea; Cohesive soil; Physical-mechanical properties; Microstructure; Regression analysis] 
Introduction 
The mic rostructure of soil refers to the mode and 
order of the interaction between the structure units 
(consisting of aggregate of mineral particles), including 
size, shape, combination, and link status of the structure 
units. The microstructure of cohesive soil is an important 
factor to determine its engineering properties. As early 
as the 1920s, Terzaghi pointed out that "it is necessary to 
consider the microstructure when evaluating the 
engineering properties of cohesive soil"1. The 
microstructure not only reflects formation conditions of 
the soil—the sedimentary environment, but also is an 
important factor to determine the other properties of soil, 
such as physical, mechanical and acoustic properties. 
Therefore, the microstructure can provide direct 
evidence for evaluation of the engineering properties of 
soil2. 
At present, studies in China and abroad on 
engineering properties and microstructure characteristics 
of the marine cohesive soils mainly focus on qualitative 
description and classification of the microstructure 
images to analyse the relationship with physical-
mechanical properties3-7, and there are few reports on 
quantitative analysis of the microstructure images to 
study their influence mechanism on physical-mechanical 
properties. Therefore, in this paper, we selected the inner 
shelf of the East China Sea (a typical offshore muddy 
area in China, where the sediments are mainly cohesive 
soils) as the study area to develop experimental study on 
microstructure of the cohesive soil, and quantitatively 
extract the microstructure parameters to discuss their 
influence mechanism on the macro physical-mechanical 
properties. The results can not only establish the 
relationship between macro engineering properties and 
microstructure of cohesive soil, but also provide 
theoretical basis and application guidance for the marine 
engineering construction in this area. 
 
Materials and Methods 
Sampling and sample preparation 
In this paper, nine gravity cores collected from the 
inner shelf of the East China Sea in December 2007 are 
used as research objects; the length of gravity cores 
varies from 0.90 m to 2.97 m, with an average of 2.10 
m. Figure 1 depicts the study area and sampling 
location. In the geotechnical laboratory of FIO (First 




Institute of Oceanography), miniature vane shear tests, 
pocket penetrometer tests, water content tests, density 
tests, granularity tests, Atterberg limts tests, rapid 
consolidation tests, and static triaxial tests (undrained 
and unconsolidated) were conducted on each sub-
sample (length: 25-30 cm). The pressure levels of rapid 
consolidation tests were: 50kPa、100kPa、200kPa、and 
400kPa and the pressure levels of static triaxial tests were: 
100kPa、200kPa、and 300kPa. This paper used Test 
Methods of Soil (SL237-1999) for the test standards and 
Specifications for Oceanographic Survey-Part 11: 
Marine Engineering Geological Investigation (the 
standardization law of the People’s Republic of China, 
GB/T 12763.11-2007) to classify and name the samples. 
In the process of geotechnical test, we reserved 1 to 
2 undisturbed samples in representative position of 
each sub-sample for microstructure tests. We selected 
nine samples in ZM-21, three samples in CJ12-242, 
seven samples in CJ12-399, eleven samples in CJ12-
1272, ten samples in CJ12-622, eleven samples in 
CJ12-856, seven samples in CJ12-1291, six samples in 
CJ12-1102, and eight samples in CJ12-1201. The 
microstructure tests conducted using scanning electron 
microscope in the electron probe laboratory of FIO. 
The purpose of sample pre-treatment was to remove 
moisture from the soil, but still keeping its real natural 
structure, to ensure that the samples could be observed 
and photographed in the electron microscopy room 
under high vacuum. The existing pre-treatment 
methods for microstructure samples mainly include 
Air-drying method, oven drying method, displacement 
method, critical point drying method, and freeze 
vacuum distillation method. Each method had its 
limitations8. In the experiment, the oven drying method 
which features relatively simple operation and low cost 
was selected; the typical samples selected were cut into 
long columns by wire saw, placed in the aluminium 
box, and then dried in the oven at 35 °C for 15 days. 
After the samples dried, we carefully split them 
apart, and the fresh surfaces were ground flush with 
abrasive paper, but kept in the natural status. Thereafter 
4-5 parts were taken from each sample. The specimens 
were then made into 1 cm long strips with relatively 
small thickness, bonded to a special metal base with 
conductive paper, and then placed in the vacuum 
sputtering plating machine for film plating to make it 
conductive, so as to prevent electric discharge of the 
specimens due to electron beam bombardment during 
photograpy9. Finally, we placed the specimens 
prepared in a closed container with desiccant to prevent 
pollution for the experiment. 
 
Microstructure photographing and image analysis 
We placed prepared specimens in the specimen 
chamber of SEM, firstly observed in low magnification 
for general structure characteristics. The typical areas 
were selected and magnified to 800-3000 times to 
photograph images, which represents the medium 
structure level. Next, the images were magnified to 
3000-6000 times to observe the structure characteristics, 
such as mineral particles and aggregates10. The 
instrument used was Quanta200 field emission-
environment SEM from FEI Czech Republic, and the 
magnification during the testing was 800-5000 times. 
As the microstructure of cohesive soil is very 
complicated, it is often difficult to accurately 
quantitative analysis of structure units, or only a small 
amount of quantitative information can be obtained 
using the existing study methods, which causes huge 
barriers to depth analysis of the engineering properties of 
the cohesive soil11-13. The Image-ProPlus (IPP) software 
is an image analysis and processing software developed 
by the American Media Cybernetics, which has 
complete components and powerful functions. The IPP 
image processing software can be used for analysis of 
the microstructure images, with the image processing 
function of Matlab, we can extract the microstructural 
 
Fig. 1 —Study area and sampling location (the numbers in
parentheses are the length of gravity cores) 




parameters of images. The microstructure parameters 
include area, number, aperture, circumference, 
roundness, plane porosity and fractal dimension of the 
pore. The roundness refers to circular degree of the pore, 
which expressed as K=L2/4πA, where L is the 
circumference, A is the area. Moreover, the more 
slender the pore is, the greater the roundness is. The 
fractal dimension refers to the complexity of the pore 
profile curve, and the greater the fractal dimension is, the 
more complex the pore is14. 
The IPP software was used to process the SEM 
images. Firstly, the RGB 24-bit colour images were 
converted to 8-bit gray scale images, and then the 
images were subject to such treatment as contrast 
enhancement and background correction according to 
different quality. Next, the grayscale images were 
segmented into black and white binary images, where 
the black and white parts represented pore and particle 
of the cohesive soil, respectively. In the range of 0-255 
grayscale values of 8-bit gray image, the optimal 
segmentation threshold is determined by multiple 
artificial observations and segmentations and 
comparing with the original images (Fig. 2).  
Besides, during SEM specimen preparation and 
photograph or image processing, there are always some 
small acnodes undue for various reasons. In order to 
improve the accuracy of the analysis, MATLAB 
morphological analysis and processing method was 
adopted to filter the individual acnodes of the black and 
white binary images that had been segmened without 
changing the matrix and pore structure of the cohesive 
soil (Fig. 3). 
Sometimes, particle of the cohesive soil may get 
overlapped or interconnected in the SEM images. In order 
to measure it accurately, the watershed segmentation 
method that is sensitive to the weak boundaries was 
adopted to process the image by mathematical 
morphology, and the overlapped substrates are separated. 
  
  
Left: 8-bit grayscale images; right: black and white binary images 
after threshold segmentation (the threshold for segmentation is 70) 
 
Fig. 2 ─ Effect contrast between the 8-bit grayscale images and
the black and white binary images after threshold segmentation 
  
Left: the original black and white binary images; right: the black 
and white binary images after MATLAB morphology processing 
 




Fig. 4 ─ The segmentation results of particle of soil after the
watershed segmentation algorithm 




The default geometric unit of measurement by image-
pro Plus software is pixel. Before measurement, it is 
required to use the rulers on the SEM images for 
standard correction to convert it into the length unit. 
Based on the black and white binary images, the particle 
and pore were measured using the IPP software, thereof 
the measurement parameters of dark pores were the area, 
number, aperture, circumference, plane porosity, 
roundness and fractal dimension respectively. As the 
inner pore of particle is very small, it was required to 
enable the inner pore filling function in measurement15. 
 
Data processing method 
In essence, the physical and mechanical properties 
of soil are controlled by the internal structure, and any 
complex physical and mechanical properties are the 
comprehensive embodiment of its microstructure 
characteristics and changes. and the quantitative 
relationship between the microstructure parameters 
and macro physical- mechanical indexes of soil is an 
important part of microstructure studies. In this paper, 
SPSS21.0 regression analysis method was used to 
establish multiple linear regression equation of macro 
physical-mechanical properties and microstructure 
parameters of cohesive soil, so as to discuss the 
inherent regularity between engineering properties 
and microstructure of cohesive soil. 
There are many correlations between the physical-
mechanical indexes of soil. In this paper, we selected 
five indexes, water content (w), liquid limit (WL), 
compression coefficient (a1-2), vane shear strength (P), 
micro-penetration resistance (R) and medium 
diameter (Md) as the dependent variables, and the 
average area (S), number (N), aperture (D), fractal 
dimension (F), plane porosity (n), circumference (L) 
and roundness (K) as the independent variables for 
regression analysis (Table 1). 
The microstructure parameters that are quantitatively 
extracted as the independent variables cannot all have 
significant effect on the dependent variables. Therefore, 
we selected the most influential factors from the primarily 
factors to establish the optimal regression equations. It is 
required to screen the significantly influential independent 
variables by the backward regression analysis method 
(probability of the F test is taken as the criterion: the 
entered probability by default is less than 0.05, and the 
removed probability is greater than 0.1), remove the 
variables that having the minimum correlation with the 
dependent variables one by one till there is no variable 
meeting the removed conditions in the equations. The 
next step, we establish the regression equations using the 
remaining dependent variables16. Thereafter, it is required 
to conduct goodness-of-fit test of the dependent variables, 
F test of the regression equations, and significance test of 
the regression coefficients. The regression equations 
established in this paper had high goodness-of-fit, and 
changes of the dependent variables were almost 
completely determined by the independent variables. All 
the F-value tests reached the level a=0.01, so it can be 
deemed that the regression equations established in this 
paper were effective; the corresponding regression 
coefficients of all the independent variables reached the 
level P=0.05, so it can be deemed that the independent 




According to Gao Guorui's classification standard 
(Table 2)17, 71 microstructure images of cohesive soil in 
the inner shelf of the East China Sea can be divided into 
Table 1 —The statistical table of microstructure parameters and representative physical-mechanical indexes of cohesive soil in the inner shelf of 
the East China Sea 
Serial number 1 2 3 4 5 6 … 65 66 
Area/um2 12.16 8.17 10.57 12.79 14.15 10.95 … 10.33 7.03 
Number 266 253 237 232 257 271 … 255 283 
Aperture/um 2.62 2.16 2.65 2.54 2.6 2.47 … 2.39 2.34 
Circumference/um 19.35 15.17 18.61 20.51 19.35 17.36 … 17.95 14.20 
Plane porosity/% 33.45 25.29 27.55 31.22 35.66 31.56 … 29.06 22.54 
Roundness 2.45 2.24 2.61 2.62 2.11 2.19 … 2.48 2.28 
Fractal dimension 1.19 1.20 1.19 1.19 1.19 1.19 … 1.19 1.16 
Water content/% 63.44 69.85 69.59 69.61 50.09 68.83 … 77.06 82.08 
Liquid limit/% 41.10 51.30 50.70 48.00 52.20 48.00 … 48.80 38.90 
Compression coefficient/MPa-1 1.85 0.81 1.49 1.79 1.93 0.85 … 1.67 0.69 
Vane shear strength/kPa 6.28 8.63 7.26 5.88 4.51 6.08 … 4.90 6.86 
Micro-penetration resistance/N 2.92 2.18 2.27 0.97 0.98 1.40 … 1.20 2.03 
medium diameter/φ 14.12 6.02 6.01 6.92 6.14 6.67  7.40 8.48 




three types, including granular link-bond structure 
(accounted for 9.68%), flocculent link- bond structure 
(accounted for 41.93%), and clay particle matrix structure 
(accounted for 48.39%). 
 
(1) Granular link-bond structure (Fig. 5): 
Aggregate grains or silt act as a skeleton, with certain 
distances in between, filled with links consisting of 
clay “domains”17. Silty clay has this microstructure 
type, its geotechnical properties are characterized by 
medium-to-low strength, medium porosity, medium-
to-high compressibility. 
 (2) Flocculent link-bond structure (Fig. 6): 
Floccules act as skeletons, joined together by links 
consisting of clay “domains” or clay tablets17. Mud 
and muddy clay in this area are of this type, with high 
compressibility and high void ratio. 
 (3) Clay particle matrix structure (Fig. 7): Sediment 
in the study area is mainly of clay particle open 
matrix structure. These clay particles conglomerate to 
form clay “domains”, and then the clay “domains” 
conglomerate to form regular or irregular 
aggregations. The outline of each aggregation may be 
distinguished in some cases. The arrangement of the 
“domains” within the aggregations is loose with small 
amount of silt or sand grains enclosed in the clay 
matrix. If the arrangement of the “domains” within 
the aggregations in the clay matrix is dense and in 
parallel (face –face bond type), the micropores within 
the clay matrix are small and few, this kind of 
structure is called the oriented clay matrix. And if the 
arrangement of the “domains” within the aggregations 
is loose and at random (edge-face-angle form bond 
type), the micropores within the clay matrix are large 
and many and interconnected with each other in open 
arrangement, then this kind of structure is called the 
open clay particle matrix17. Mud and muddy clay have 
this open matrix type structure. Soil with this type of 
structure is very loose, has high porosity, high water 
content, and low strength. 
The sediments in the inner shelf of the East China 
Sea mainly feature flocculent link-bond structure and 
  




Fig. 6 ─Flocculent link-bond structure (Magnification is 2500 times) 
 
Table 2 — Microstructure classification of marine soils 
Grain Form Bond mode Classification of microstructure Sub kind of microstructure 
Aggregation grain or silt grain link-bond long granular link-bondstructure granular long-link bond structure 
short granular short-link bond structure 
Floccule dense link-bond long flocculent link-bond structure dense flocculent long-link structure 
short dense flocculent short-link structure 
open long open flocculent long-link structure 
short open flocculent short-link structure 
Clay particle matrix dense no link clay particle matrix structure clay particle oriented matrix structure 
open clay particle open matrix structure 
 




clay matrix structure. The soil with the above-
mentioned two structures is characterized by loose 
structure, large void ratio, extremely high water 
content, low strength, and high compressibility. 
The relationships between macro physical and 
mechanical indexes and microstructure parameters 
were analysed, and the regression models are as 
follows. 
(1) From Equation 1, it is clear that the main 
microstructure parameters that affect liquid limit of 
cohesive soil in the study area include average area, 
plane porosity and number of pores, and the influence 
of other microstructure parameters is relatively small. 
Liquid limit is negatively correlated with the average 
area and number of pores, and is positively correlated 
with plane porosity. 
 (2) From Equation 2, it is clear that the main 
microstructure parameters that affect water content of 
cohesive soil in the study area include average 
circumference, plane porosity and number of pores, 
and the influence of other microstructure parameters is 
relatively small. Water content is positively correlated 
with the average circumference and number of pores, 
and is negatively correlated with the plane porosity. 
 (3) From Equation 3, it is clear that the 
microstructure parameters affecting compression 
coefficient of cohesive soil in the study area mainly 
include average circumference, fractal dimension, 
roundness and number of pores, and the influence of 
other microstructure parameters is relatively small. 
Compression coefficient is negatively correlated with 
the average circumference, fractal dimension and 
number, and is positively correlated with roundness of 
pores (That is to say, the slender the pore is, the higher 
the compression coefficient is). 
(4) From Equation 4, it is clear that the 
microstructure parameters affecting vane shear strength 
of cohesive soil in the study area mainly include 
average circumference, plane porosity, fractal 
dimension, roundness and number of pores, and the 
influence of other microstructure parameters is 
relatively small. Vane shear strength is positively 
correlated with average circumference, fractal 
dimension and number, and is negatively correlated 
with plane porosity and roundness of pores, that is to 
say, the complicated (high circumference, high fractal 
dimension and low roundness) the pore is, the higher 
the vane shear strength is. 
(5) From Equation 5, it is clear that the 
microstructure parameters affecting micro-penetration 
  
  
Top: Clay particle oriented matrix structure (magnification is  
2800 times) ; bottom: clay particle open matrix structure 
(magnification is 800 time) 
 
Fig. 7 ─ Clay particle matrix structure 
 
 
Fig. 8 — WL: Liquid limit, w: Water content, Md: Median diameter,a1-2: Compression coefficient, P: Vane shear strength, R: Micro-penetration resistance, S: Area, N: Number, D: Aperture, F: Fractal
dimension, n: Plane porosity, L: Circumference, K: Roundness 
 




resistance of cohesive soil in the study area mainly 
include average aperture, roundness, fractal dimension 
and number of pores, and the influence of other 
microstructure parameters is relatively small. Micro-
penetration resistance is positively correlated with 
average aperture and fractal dimension, and is 
negatively correlated with roundness and number of 
pores, that is to say, the complicated (high aperture, 
high fractal dimension and low roundness) the pores 
are, the higher the micro-penetration resistance is. 
 (6) From Equation 6, it is clear that the 
microstructure parameters affecting medium diameter 
of cohesive soil in the study area mainly include 
average area, number, circumference, plane porosity 
and roundness of pores, and the influence of other 
microstructure parameters is relatively small. Medium 
diameter is negatively correlated with the average area, 
plane porosity and roundness, and is positively 
correlated with number and circumference of pores. 
 
Discussion 
The cohesive soil in the inner shelf of the East China 
Sea is mainly of clay particle matrix structure and 
flocculent link-bond structure. Soil with this two kinds 
of microstructures usually has high pore, loose structure 
and strength. The materials diffused from Yangtze River 
and coastal rivers to this area are dominated by fine clay 
particles, formed by flocculating settling under weak 
hydrodynamic condition; the deposition rate is high, 
they have only experienced a depositional phase and 
have not been compacted and dewatered, so they contain 
a lot of water that is not easy to discharge. These factors 
such as loose structure, high water content, low shear 
strength, and high compressibility induce the 
characteristics of cohesive soil. 
According to the regression analysis of macro 
physical-mechanical indexes and microstructure 
parameters of the cohesive soils in inner shelf of the East 
China Sea, some of the macro physical-property indexes 
are positively correlated with the microstructure 
parameters, and some indexes are negatively correlated. 
The physical indexes (such as water content and liquid 
limit) are mainly related to the parameters characterizing 
the pore size (aperture and circumference) and number 
(number and plane porosity). The mechanical indexes 
(such as compression coefficient, vane shear strength 
and penetration resistance), besides the number and size, 
are also affected by the geometry (fractal dimension and 
roundness) of pore. This conclusion is in agreement with 
the research about soft soil in Nansha area18. The 
medium diameter, besides the number and size, is also 
affected by the roundness of pore (the slender the pore 
is, the larger the particle size becomes). From equation 
3，4，5, it is clear that the rounder the pores are and the 
more complicated the profile curve of pore is, and higher 
the strength of cohesive soil is. This study explored the 
inherent regularity between the engineering properties 
and the microstructure of cohesive soil and provided a 




(1) The cohesive soil in the inner shelf of the East 
China Sea has three types of microstructure: Granular 
link-bond structure, flocculent link-bond structure and 
clay particle matrix structure; the cohesive soil in the 
inner shelf of the East China Sea are mainly of the 
latter two types of microstructure, and soil with these 
two types of microstructure has relatively poor 
engineering properties. 
(2) The Image-Pro Plus software was used in 
combination with the MATLAB image processing 
function to quantitatively extract microstructure 
parameters of the cohesive soil. It was found that the 
average pore area, aperture, circumference, plane 
porosity, roundness and fractal dimension of the 
cohesive soils in the inner shelf of the East China Sea 
of the three structures (granular link-bond structure, 
flocculent link-bond structure and clay particle matrix 
structure) are in descending order, and the pore number 
in ascending order.  
(3) According to regression analysis of macro 
physical-mechanical indexes and microstructure 
parameters of the cohesive soil in the inner shelf of the 
East China Sea, the physical indexes of cohesive soil are 
mainly related to the parameters characterizing the pore 
size and number, while the mechanical indexes, besides 
the pore number and size, are also affected by the pore 
geometry. Usually, the rounder the pore is and the more 
complicated the profile curve of pore is, the higher the 
strength of cohesive soil is. The medium diameter, 
besides the number and size, is also affected by the 
roundness of pore, as the pore becomes slender, the 
particle size becomes larger. 
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